
ST- IO027 

ON THE GENERATION MECBANISM OF EZECTROMAGNETIC VLF 

RADIATION IN TEE OUTER VAN ALLEN BELT 

V. Yu. Trakhtengerts 

e 
I 
0 

(CODE) 

ICATEGORYI 

NATIONAL AERONAUTXCS AND SPACE ADMINISTRATION 
UASHINGTON -- JULY 1963 



. 
DR&FT TRANSLATION 

ON THE GWRATION_ MECHANISM OF-ZLLZT-XIAGNETIC VLF 
RADIATION I N  THE OU!l!ER VAN ALLEN BELT * 

Geomasnetiun i Ae ronomiya 
To 111, NO. 3, 
IZd-vo A. NmSSSR, 1963 

442- 451 
by V . Y n .  Trakhtenger t s  

It is shown i n  t h i s  paper t h a t  the  d i s t r i b u t i o n  of e l e c t r o n s  

by v e l o c i t i e s  i n  t h e  o u t e r  r a d i a t i o n  be l t  (Van Allen b e l t )  may be 

unsteady r e l a t i v e  t o  low-frequency e lec t romagnet ic  o s c i I l a t i o n s  . 
This  i n s t a b i l i t y  is t h e  basis for exp la in ing  t h e  origin and a ser ies  
of peculiari t ies of VLF-radiation i n  t h e  E a r t h ' s  exosphere. 

* * *  
A l a r g e  experimental  mzterial has  r e c e n t l y  been accumulated 

i n  regard  t o  n a t u r a l  VLF-radiation c1, 2 1. There a r e  t w o  t ypes  of 
VLF-the d i s c r e t e  and t h e  continuous r a d i a t i c n  (emission) .  A series 

of works were devoted t o  expla in ing  t h e  d i s c r e t e  V L F - 6 i p d 6  [l, 33. 
W e  s h a l l  only cons ider  t h e  cont inuous type of  VLF. Th i s  r a d i a t i o n  

usually ranges i n  t h e  1 + 3 O k c / s  frequency band with a maximum i n t en -  

sity in t he  frequency of  4 5 kc/s ,  b u t  considerably h i g h e r  freqnen- 

ciee were received ( t o  200 kc/s) [by. The radionoise mostly lasts 
1.5+ 2, and sometimes lasts beyond 10 hours. 

\ 

The VLF-radiation is rece ived  i n  a broad geomagnetic iatltiiik 

range. According t o  l a t e s t  d a t a  t h e  l e a s t  r eceg t ion  l a t i t u d e  is 35.t0 
c53. The angular dimensions of the eTLssion source  by altimuth are 

0 mekhnizne g e n e r a t s i i  elektromagnitnogo ul ' t ranizkochastognogo 
i e luchen iya  vo vneshnem radiatsionnom poyase Zemli. 

- -  . 



2. 

usually g r e a t ,  reaching 50° and more C61. The i n t e n s i t y  o f  VLF- 

e i n n a l s  received by grouzld s t a t i o n s  is  very low (0.05+ 0.5 mvmol 
cps) , wi th  a naxirrum a t  abou t  6G0 l a t i t u d e  C6, 7 1. The VLF r e v e a l s  
a notable  c o r r e l a t i o n  with geogaznetic a c t i v i t y .  The moet f r equen t ly  

received h i s s  h a s  the  tendency of occurr ing  at time of reduced phase 

of a ,yeomagnetic s torm C 1 1 .  
There are i n d i c a t i o n s  of ex i s t ence  of r e l a t i o n s h i p  between 

t h e  VLF-radiation and the  occurrence of aurorae C8, 93. 
A s e r i e s  of mechanism have been proTosed for t h e  explana- 

t i o n  of VLF-radiation c1, 3, 10- 123. They a r e  based on Eerenkov 

r a d i a t i o n  and brehmstrahlunF of c l o  Lid or charred p a r t i c l e  flux, 
moving through t h e  Earth’s exosphere. While these  mechanisms e x p l a i n  

s a t i s f a c t o r i l y  the  o r i g i n  and t h e  p e c u l i a r i t i e s  o f  d i scre te - type  

emission, they a r e  inapp l i cab le  for t h e  d e s c r i p t i o n  or a s e r i e s  of 
p e c u l i a r i t i e s  of VLF-noises, having a l o n g  du ra t ion  and a broad sta- 
t i o n a r y  2requency band. Thus i f  w e  have recourse  t o  t h e  incoherent  

p a r t i c l e  emission mechanism i n  the  ionosphere and exosphere f o r  
t h e  explana t ion  of the  observed continuous VLF-noise, t h e  radiative 

power obtained according t o  c a l c u l a t i o n s  of c133, results by seve- 

ral orde r s  lower than  t h a t  observed. For ernmple, the  incoherent  
Eerenkov e n i s s i o n  o f  highly-energet ic  e l e c t r o n s  from t h e  o u t e r  radi-  

a t i o n  b e l t  a s s u r e s  a power o f  
of 5 kc/s. The con t r ibu t ion  fro= t h e  incoherent  synchrotron emission 

of r a d i a t i o n  b e l t s ’  p a r t i c l e s  r e s u l t s  s t i l l  lower C131. 
Converging values  are obtained when e s t ima t ing  t h e  i n t e n s i t y  

o f  t h e  incoherent  emission from a s t a t i o n a r y  s o l a r  corpuscular  flux. 

Thus, t ak ing  t h e  s t r e a n ~ * s  v e l o c i t y  as being go 3 10 8 cm/sec, 
t h e  p a r t i c l e  concent ra t ion  i n  the flux - a6 l $ c m o 3  
r a c t e r i s t i c  dimension of the  stream as -lo9 cm, and u t i l i z i n g  

t h e  expressions of C133, we ob ta in  f o r  r a d i a t i o n  (emiss ion)  i n t e n s i -  

t y  a quan t i ty  - 3 1 0 0 2 0 r a t t  m-2 cps-l i n  t h e  frequency f-5 kc/s. 

But t he  observed i n t e n s i t i e s  c o n s t i t u t e  f o r  example a t  9 kc/s fre- 

quency a value hr 10-~5watt  m-2 cps-1 C ~ I .  

w a t t  m’2 cps” i n  t he  freouencg 

and the cha- 

- .  - 
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The coherent emission of the  flux o f  charged p a r t i c l e s  
could i n  p r i n c i p l e  assure  an i n t e n s i t y  by s e v e r a l  o rde r s  Q r e a t e r  

than  t h e  incoherent .  But t h i s  f P i l s  t o  exn la in  a whole s e r i e s  of 

p e c u l i a r i t i e s  c h a r a c t e r i s t i c  of VLF. Thus ,  aFsumine f o r  exangle a 

VLF generat ion by a s o l a r  c o r y s c u l a r  s t ream,  i t  is  i q o r = s i b l e  t o  
e l imina te  t h e  con t r ad ic t ion  cons is t inr :  i n  t 5 a t  t he  ernifsfiion o f t e n  

c o r r e l a t e s  r;ith t h e  reduced phose of  a magnetic s torm [13, when t h e r e  

is no flux. It is d i f f i c u l t  t o  exp la in  t h e  i n t e n s i t y  maximum at 5 kc/s 

and the  well-expressed s t a t i o n a r y  s t a t e  of t h e  radionoise .  

Therefore ,  t h e  ex i s t ence  of a continuous VLF- component 

endowed wi th  the above-described p r o p e r t i e s ,  cannot be explained 

by r a d i a t i o n  genera t ion  mechPnism o r ig ina t inE  d i r e c t l y  i n  solar 
corpuscular  s t reams pene t r a t ing  t h e  Eartb'E exosphere . 

&*e propose below a mechanism of  VLF-noise genera t ion  i n  t h e  
o u t e r  Van Allen b e l t .  Its e x m i n a t i o n  she\*.% t h a t  the  d i s t r i b u t i o n  

f u n c t i o n  of r a d i a t i o n  b e l t ' s  e l ec t rons  by v e l o c i t i e s  may be unsteady 

r e l a t i v e  t o  low-frequency e l e c t r o n a T e t i c  o s c i l l z t i o n s .  This insta- 
b i l i t y  i s  be ine  used f o r  t he  e q d a n a t i o n  of t he  o r i e n  and o f  t he  
s e r i e s  of p e c u l i a r i t i e s  of the cor~t inuous VLF-radiation i n  t he  E a r t h ' s  

upper  atr:.osphere. 

OW THE INSTABILITY OF ELECTRONS'DISTRIBUTION FUNCTION 

IN THk: OUTER RADIATION BELT. 

L e t  UE consider  t h e  d i s t r i b u t i o n  func t ion  i n  a plasma s i t u a t e d  

' in a nanuniform maznetic f i e l d ,  I n  t h i s  case ,  as shonm by Parker  C141, 
n e g l e c t i n g  the  c o l l i s i o n s ,  the charged ycr t i c l e s  d i s t r i b u t i o n  func- 

t i o n  F (p, r) f o r  an ecui l ibr ium s t a t e  (a/t%so) nay be represented  

i n  t h e  form _ .  
F (p. r) dp = f (P') @ (cp, 8)  (1) 

where ,f (p2) 

( p  
p a r t i c l e  dens i ty  on tile coordinate  CO about a s e l e c t e d  l i n e  of  force  

is t he  p a r t i c l e s '  d i s t r i b u t i o n  func t ion  by ene rg ie s  
2 is t h e  square of p a r t i c l e ' s  pulFe).  Uj-(cp,8j is t h e  denefidence of 
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and on t h e  value of t ; . e  anzle  e' beti>-een the  pu l se  vec tor  of t h e  p s r t i -  
c l e  p and the  d i r e c t i o n  of t he  rn8:netic f i e l d  H. A s 9 h e r i c a l  system 
of coor6 ine tes  was chosen i n  the pulseE) s y . c e .  

i ' a rker  C141 obtained a Fencrsl  c n r e s F i o 2  f o r  
7' 1 

L e t  UF coneider  t h e  s p e c i a l  case F'EleT! c ( J )  ='(3 ( f - ~ ) ,  

aqree ing  w e l l  w i t h  t he  e -?e r inen to l  d a t a  of Cl i3 .  Then 

where C1 is t h e  n o m e l i z a t i o n  cons tan t ;  E (0) i s  the  mapnetic f i e l d  

a t  a c e r t a i n  s e l e c t e d  Z3oint. The case y+ = 0 reeponds t o  t h e  i s o t r o p i c  

d i s t r i b u t i o n  by T u l s e s .  A t  t h e  s m e  t i n e  the  p a r t i c l e  dens i ty  is con- 

s t a n t  don..; the  s e l e c t e d  l i n e  of force  of t h e  na,gnetic f i e l d .  If T>o. 
P , > P @  (P; is a component of the t o t a  k i n e t i c  plasma pressure  a c r o s s  

t h e  magnetic f i e l d  E, P is  the 1onTi t sd ina l  component of t h a t  pres- 

s u r e )  and p e r t i c l e  concentrzt ion decreases  as t h e  ma.qet ic  f i e l d  i n -  
c re s ses ;  i f  v 4  0 ,  P, < and the concent ra t ion  inc reases  with the  in -  
c r eese  of H. 

iie s h a l l  u t i l i z e  t h e  funct ion (11, where is detern ined  by 

t h e  exprecsion (21, t o  descr ibe t h e  d i s t r i b u t i o n  of e l e c t r o n s  i n  t h e  

o u t e r  r a d i a t i i n  b e l t  of  t h e  Earth.  A6 t h e  e s t ima tes  ehow, t h e  r o l e  o f  

c o l l i s i o n s  between p a r t i c l e s  o f  t h i s  b e l t  is i n s i m i f i c a n t  
Since the  e n e r m  s p e c t r m  of p a r t i c l e s  ( e l e c t r o n s )  of  t h e  b e l t  

is at presen t  no t  s u f f i c i e n t l y  wel l  knormrn we s h a l l  use for concre te  

computations,  f o r  f (p2) the  normal d i c t r i b u t i o n  * 

where m is. t h e  p a r t i c l e ' s  nass,  T is the  temperature i n  energy u n i t s .  

Then, according t o  ( 3 ) ,  t h e  d i s t r i b u t i o n  func t ion  of e l e c t r o n s  i n  the  
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o u t e r  r a s i a t i o n  b e l t  may be v r i t t e n  i r ? ,  t h e  form 

I d \  
exp \-  - 

*TO ’ 9 sin 0 + { (2nmTo)” 
Fdp = (F, + F*) dpd0 = 

I d \  

where 3’1 is t h e  i s o t r o p i c  i.:r?x?lellian d i s t r i b u t i o n  of p a r t i c l e s  of 
t h e  exosphere proper;  F2 is the d i c t r i b u t i o n  o f  b e l t ’ s  high-energy 

e l ec t rons ;  N,and N3 a re  reypec t ive ly  t h e  concen t r a t ions  of p a r t i c l e s  

i n  t h e  b e l t  and i n  the  erosp;-iere; q i s  t h e  geouaqnetic l a t i t u d e ;  H (0) 

i s  t h e  magnetic f i e l d  i n  t h e  e c u a t o r i a i  p z r t  of  t h e  r a d i a t i o n  b e l t .  

Vie s h a l l  i n v e s t i q a t e  t h e  func t ion  (4) f o r  i n s t e b i l i t y  re la t i -  

ve t o  e lec t romagnet ic  o s c i l l s t i o n s .  It is easy t o  see t h a t  t h e  s p a t i a l  

v a r i a t i o n  of  t h e  d i s t r i b u t i o n  func t ion  can be neglec ted  provided t h e  

fo l lowing  cond i t ion  is f u l f i l l e d  : 

where z is  the  c h a r a c t e r F s t i c  Bimersion o f  the  b e l t  along E; is 

t h e  wavelensth i n  t k e  neciium. ‘he m i s t  no t e  

i n t e r e e t i n g  cases s 4 under E a r t h ’ s  

where t h e  magnetic f i e l d  is  descr ibed by a 

t h e  considered wavelengths . 
We s h a l l  make use f o r  t h e  a n a l y s i s  

b i l i t y  by t5e gene ra l  c o r r e l a t i o n s  brouqht 

t h a t  i n  a l l  p r a c t i c a l l y  

exosFhere cond i t ions ,  

d ipo le  f i e l d  i21, and for 

o f  func t ion  ( 4 )  f o r  i n s t a -  

o u t  i n  t h e  work C161. 
W e  s h a l l  w r i t e  t h e  d i spe r s ion  equat ion  of normal-type wave propagat ion 

Q (a); k) - (0, k) = 0 .  $9. 
Here t h e  first ad3end r e p r e s e n t s  t h e  d i soc r s ion  equat ion  of 

e lec t romagnet ic  r a v e s  i n  a uniform magnetoactive plasma without  ta- 
king b t d  account t h e  thermal s c a t t e r i n g  of e l e c t r o n s  by v e l o c i t i e s  

0 ./* 
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Q = ( I  - u - o + uu cos2 a) n' - 12 ( I  - 0)' i- uucos*a - 
- K  (2 - V ) ]  ?l* + (1 - V )  [(I  - V)'-uI* (6) 

where n is t h e  inciex 0 :  r e i r p c t i o n ;  e and m a r e  t h e  charge and 

t h e  mass of the  e l e c t r o n ;  a, is the anqle between the  wave vec to r  L . 
and E. 

Assunin.: i n  (6 )  v > u >  1 (These i n e c u a l i t i e s  are well 

s F t i s f i e d  i n  the  exosphere for t h e  r a d i a t i o n  of i n t e r e s t  t o  u8, where 

@ we ob ta in  t h e  follo. i n ?  expression for 

The pro:;ar-ation of waves is fully detern ined  by the  co ld  

plasma component, i.e. by the  exosphere proper, inasrruch as t h e  ra- 

d i a t i o n  b e l t ' s  p a r t i c l e s  usua l ly  c o n s t i t u t e  no more than  1% of t h e  
t o t a l  number of p a r t i c l e s .  

The second term T((P. y e t e r m i n c s  t h e  con t r ibu t iod  from the 
accounting of t h e  thermal s c a t t e r i n g  of p a r t i c l e s  by v e l o c i t i e s .  

I n  t h e  apyox i rmt ion  

w e  s h a l l  ob ta in  for t he  danpins 

expression:  
q = I m R =  

( a c c r e t i o n )  f a c t o r  q t h e  .following 

n q (S)? 
I n  t h e  c o r r e l a t i s n  ( 8 )  t h e  wave v e c t o r  k is t h e  radical of 

t h e  equat ion Q = 0. According t o  C163, 

The quan t i ty  p ~ ~ j  is t h e  t ru . e  r a d i c a l  of t h e  express ion  

wm -&pl --smo,,j = 0. (10) 

The sumnine; up i n  ( 1 ) )  is e f f e c t e d  by all s o r t s  of p a r t c l e s  j 
and harmonics e.  The quant i ty  Ms is expressed by a wel l  known meane 
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t h e  BeeFel func t ions  m d  t i e  first d e r i v e t i v e s  f r o n  the  d i s t r i b u t i o n  

func t ion  (4)  by t he  10~1gi t : id ina l  an2 t r a m v e r s e  pulses p,, PA; 

k, 

t o  t h e  case o > Sr,, , where 

sunpt ion  of smaJiness of Zessel funct ione '  argument8 e n t e r i n g  i n  &, 
i. e. Ifi t he  f u l f i l l m e n t  of  t he  c o r r e l a t i o n  E163 

is t h e  wave vector  cosponent a long  the mapnetic f i e l d  E. 
As i n  ( ? I ,  we s h a l l  omit t h e  motion of i o n s  ( t h i s  corresponds 

i 6  t h e  i o n  gyrofrequency). I n  t h e  as- 

(k,p,l mamy < 1 (1 1) 

t h e  expres- ion (3) rill be r?duced t o  t h e  sum of t h r e e  i n t e s r a l s  

Im q = I (u - 1) [Il + f-1+ IJ, (12) 

which w i l l  i n  t h e i r  t u r n  be determined by t he  fo l loa ing  co r re l a t ions :  

where 

The expressions (13) are obtained i n  the  assunption 

At A,, no t  nea r  

- .  
which is upset  only i n  

aero, condi t ions  (15) as reduced t o  one 

t h e  narrow reg ion  of angles  ad jacen t  t o  
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. It i o  not  d i f f i c u l t  t o  s a t i s f y  onese l f  t h a t  inasmuch 8s t h e  

temperature of  t he  p a r t i c l e s  of t he  o u t e r  r a d i a t i o n  b e l t  exceeds by 

s e v e r a l  o r d e r s  t h a t  of t h e  surrounding plasma, t h e  exosyhere c o n t r i -  

bu te s  i n s i . p i f i c a n t l y  t o  w n e  damping ( a c c r e t i o n ) .  I n  tHis case ,  

s u b s t i t u t i n g -  i n  (13) A +1 
(41, we s h a l l  h v e  

by t h e i r  va lues  found by u t i l i z a t i o n  o f  - 

The re,cpective express ions ,  s t a n d i n 5  before  t h e  i n t e g r a l s  

i n  t h e  c o r r e l a t i o n  (13) are the coe: i i c i e n t s  K As e a r l i e r  3.0 
0 T m .  0 m, a,= ) m .  3 =*1= 

z 

L e t  us cons ider  two boundary cases: u ~ , . ~  > p i  and < p t .  

I n  t h e  f i r s t  case+ ,  when 
a*,.o> Pi* 

t h e  express ions  (16) for a whole Y t a k e  t h e  form: 
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I n  the  o t h c r  bourr:ar- case ,  v+en 

~ 7 e  s h a l l  o b t r i n  f o r  1 a t  ; . r i t i t rzry va lue  of 
21.0 

express ions  : 

L e t  us coneicier the  caEe of l o n r i t y d i n z l  d i s t r i b u t i o n ,  when 

k l l H .  but  a t  a r b i t r a r y  direct iorr  0 :  t h e  wave vec to r  we € h e l l  l i m i t  

ou r se lves  mcinly t o  a q u a l i t a t i v e  ana lys i s  o f  t h e  GuaFt i t ies  of  i n t e -  

r e s t  t o  us. I f  a= 0, 

f i c  wave dampiny l i n k e d  with the  Cerenkov and brehmstrahlung absorp- 

t i o n  i n  t h e  anomalous Doppler efTect-region,  d i sappear ,  and the  expres- 

I_1 and I C ,  c h e r a c t e r i z i n g  a t  y > 0 t h e  s p e c i -  

sion f o r  t h e  f a c t o r  o f  q a l . - . lF i i r : z t j . c . ?  takes a s i r q l e  form: 
111;-11. 

Formula (20) iE v a l i d  when the i n e o u a l i t y  (17) is f u i f i l l e d .  I n  t h e  

o f  t h e  i n v e r s e  i n e q u a l i t y  f u l f i l l m n e t  ( l ? )  f o r  q at  l o n g i t u d i n a l  

proFagat ion,  we s)1-?7_1 have t L e  f d 1 - o -  i n g  exaress ion:  

Formulae (20) and (?l) pass a t  y = 0 i n t o  t h e  w e l l  known 

exprese ian  f o r  t h e  brehnstrahlung absorption t ~ a f f i c L c a t  €or ord ina ry  

waves C173. It must be Fainted o u t  t h a t  t h e  condi t ion  (11)  limits 
t h e  a p p l i c a b i l i t y  of formulae (19)  and (Zl), oStained at f u l f i l l m e n t  

of t h e  i n e q u a l i t y  (161, t o  the  re .ion of small a n s l e s  a - -  
a<&, = a r c s i n G < x -  %I I& 
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As may be seen  from ex:;ressions (20)  and (21), i n s t a b i l i t y  

is posc ib le  i n  both cases ,  deterzined by t h e  ergreEsions (17)  and (18 ) ,  
a t  f requencies  

7 > o. (22). 

The y3yeical  na ture  of this i n s t a b i l i t y  i s  t h e  same as the  

i n s t a b i l i t y  o? t h e  d i z  t r i b u t i o n  func t ion  w5 t h  a n i s o t r o y i c  temyerature 

i n  case TL > T,, 
b e l t ' s  p a r t i c l e s  is s u f f i c i e n t l y  g rea t .  so ti?at condi t ion  (18) is 
e a t i s f i e d ,  then,  as f o l l o a s  from (211, the  ampl i f i ca t ion  f a c t o r  o f  q 

rises with the  decrease i n  frequency. I n  t h e  case  when q is determi- 

ned by t h e  expression (201, the maximum r a d i a t i o n  can be found from 

t h e  square  equat ion (a<o,) 

C18, 193 . I f  the mean thermal v e l o c i t y  of  r a d i a t i o n  

COMPARISON WITH OBERVATION DATA 

The r ecen t  observation6 by mean8 of a r t i f i c a l  Ear th '  s a t e l -  

l i t e s  and rocke ts  have revealed a considerable  i r r e g u l a r i t y  in t he  

d i s t r i b u t i o n  of e l e c t r c n s  about t h e  magnetic l i n e s  of fo rce  at  he igh t s  

corresponding t o  the  o u t e r  r a d i a t i o n  b e l t .  According t o  the  expression 
(21, this is evidence o f  t h e  presence of  a c l e a r l y  expressed aniso- 

tropy and e l e c t r o n  d i s t r i b u t i o n  by angles  0.  Analysis  conducted dn 

r e fe rence  c151 shorn t h a t  t he  a n i s o t r o p i c  f a c t o r ,  correponding t o  

unperturbed per iods  i n  the  outer b e l t  region u s u a l l y  i e  
sing t o  y = 2 during ma3netic stomis.  

- 1 , i n c r e a -  

For concrete  computations similar t o  those  i n  c203, w e  s h a l l  

admit r E 1. L e t  t h e  i n t e n s i t y  maximum of  the  r a d i a t i o n  b e l t  i n  t h e  

e q u a t o r i a l  r e e o n  be renote  from t h e  Z a r t h ' s  c e n t e r  by 3.5Earth 's  radii  

c20, U 1 .  Then, according t o  (171, t h e  boundary frequency w i l l  be 
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o&w L "!j& u:hich correPnonds t o  the  ranrze o l  yenersted f requencies ,  

froii  500 :IC t o  2.bout huncke l s  of cps.  

.e s'q~'li zrFLitle t'-e nu-n k i x e t i c  eFermg of  b e l t  p a r t c l e s  t o  

be 10 kev i20,  ill. iTor t ' -e Tivcn exo: -,>he; and r a d i a t i o n  b e l t ' s  'pa- 

r m i e t e r s ,  '..e cpn coopute the  r e l F t i o n  

n i h e  values  of  t h i r ;  r e l a t i o n  ? r e  compiled below. As may be 

s e e n ,  i t  is greater than t!ie un i ty  i n  t h e  freauency G, < Ultm. 

R = r / / ,  4 3.5 3 2 1.17 
(O' IPI 'L, ,  1.5 3.17 2,7 2,5 9. 

r being  t h e  rliFtPric- ;ron tile c e n t e r  of t h e  Lar th  t o  t h e  Senera t ion  

point .  

:;hen comguting (24) f o r  t he  he ight6  h = 1000 + 13 000 km, 
we took t h e  exponent ia l  d i e t r i b u t i o n  of e l e c t r o n s  c221 

Above 
equal t o  102 

Since  

13 000 km t he  concent ra t ion  was est i Icated cons tan t  and 

~ 3 .  
the conhi t ion  (17) is s a t i s f i e d ,  we may use a l l  formulae 

obtrtined €or t h a t  case.  The m x i m u m  emission frequency will be de te r -  

mined by t h e  f o l l o v i n g  expression ohteined from (23) : 

For a LLLOI-B I i i t tEaz ?:art crf t.:!e r a d i a t i o n  b e l t  w e  s h a l l  have 

m) amax 
Ln ( r  = 3,5re) 3 -- - 4 8  m4- 

This  va lue  agrees  ve l1  with t h e  e-,periicental  da t a .  As is shorn 

by observations of El, 3 ,  91, t 3e  maximum emi.-sFon frequency ustially 

o s c i l l a t e s  between 3 and 9 ~ c / E .  i n c r e a s i n g  d u r i n s  nsqne t i c  storms. 
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It is poFFible t h a t  t 3 e a e  osci l1Ttione are r e l a t e d  t o  spatial s h i f t  

of t h e  r a d i a t i o n  b e l t  c211. Thus, a t  r a d i a t i o n  b e l t ' s  s h i f t  by 

2 ro from r = 3.5 rC\ t h e  nFx imr -  frccuency f,, varieE by about 

- + 2.4 kc/s,  becornin;; e c v l  t o  e i t h e r  2.5 or 7.2 kc/s. Besides ,  fmm 
i n c r e a s e s  ,conewhat with j' r i s e .  A t  t h e  same t ime,  the  i n t e n s i t y  o f  
VLF-radir7tion i n c r e a r e s  . 

As i t  should have been exsected,  t h e  s p a t i a l  displacement 

of  t h e  b e l t  toward t h e  E a r t f i d w l n E :  - e o w r y e t i c  storms is at tended by 
a sh i f t .  of t h e  m a x i m u m  of VLF-rcdiation occurrence toward lower l a t i -  

tudes ,  Thus, i f  i n  qu ie t  days t h e  F r o b a b i l i t y  of VLF-occurrence is 
m m i m u c ;  a t  60° l a t i t u d e ,  t h e  low-freauency rad ionoise  w i l l  occur more 

o f t e n  nea r  9 -55' i n  time of m g n e t i c  s torms  Cr iY 
L e t  u6 consider  t h e  rues t ion  as t o  what is the c o r r e l a t i o n  

of r a d i a t i o n  p a r e r s  i n  v a r i o w  frequencies .  I n  case 7 = 1 and u t i -  
l i z i n g  (20) and (251, w e  ob ta in  f o r  q,, wi th  (@<&) t he  following 

expression: 

The comparative i n t e n s i t y  of t h e  received r a d i a t i o n  i n  two 

d i f f e r e n t  f requencies  may be apFroxinately es t imated  by amplitude 

squares '  r a t i o  a f t e r  wave's passing t h e  e f f e c t i v e  ampl i f i ca t ion  path 

o v e r  the  ex ten t  of which the arnpl i f icat ion f a c t o r  drop6 by e times'. 

Let us appra ise  t h e  r e l a t i o n  (27)  f o r  fi = 9 and f2 = 230 kc/s. 
S u b s t i t u t i n g  €he numerical values of  the  q u a n t i t i e s  e n t e r i n g  i n  (25a), 
(fl and f 2  are r e s p e c t i v e l y  generated at  hl all  300lun 
we ob ta in  t h e  fol lowing value f n r  G i n  frequency 

and hW2000km), 
: fl 

For a more p rec i se  es t imate  i t  is necessary t o  account for non l inea r  
e f f e c t s ,  l e a d i n e  t o  s e t t l i n g  of oscil latioms' amplitude. 



A t  t3e same t i a e ,  t he  r a t i o  hax > I .  The quan t i ty  sei 
is  found from t h e  c o r r e l a t i o n  

For f1 = 9 kc/s,  t h e  value teff = 1500 km, Assuming t h e  

d e n s i t y  of e l e c t r o n s  i n  t h e  r a d i a t i o n  b e l t  a t  t h e  p lace  of  frequency 

fi generat ion t o  be Nn -3-5 CEI'~ c211, we shall o b t a i n  f o r  t h e  

r e l a t i o n  (27) t h e  followin? value: 

(28) 11 - - k.Ma - 1 0 4  + l(r. 
18 - 

T h i s  r e s u l t  agrees  well w i t h  t h e  observa t ion  d a t a  of L43, 
according t o  which I1 / I2 - 3 lo3. 

t i v e  t o  v a r i a t i o n s  of p z r t i c l e  concent ra t ion  i n  the b e l t .  That is 

why t he  VLF-noise, which probably is always present ,  m u s t  i n c r e a s e  

by many t imes dur ing  t h e  per iods ,  when p a r t i c l e  d e n s i t y  in t h e  radi- 

AS follows from (281, t he  r a d i a t i o n  i n t e n s i t y  is very s e n s i -  

' a t i o n  b e l t  is maximum.  AB follows from C63, t h i s  corresponds t o  
pe r iods  of aurorae and reduced phase6 of  magnetic storms. The increa-  

eed VLF a c t i v i t y  w a s  p r e c i s e l y  observed at t h a t  time. ( s ee  c1.8, 93 ). 
Another c a u e  l e a d i n g  t o  the  rise i n  r a d i a t i o n  i n t e n s i t y  may be the  

increase of dur ing  geomagnetic s torm periods.  

VLF-radiation can se rve  ae an e f f e c t i v e  mechanism f o r  crea- 
t i n g  pa r t i c l e r ,  r e spons ib l e  for t he  mid-lat i tude aurorae  c231, inas-  
much as i n  t h e  considered type of i n s t a b i l i t y  t h e  e m i t t i n g  p a r t i c l e  

passes t o  t h e  state with a l e s s e r  angle  0 L L O J ,  res-dtfng i= ths 

i n c r e a s e  of p a r t i c l e  flow i n t o  t h e  "forbidden cone", from which they 

h i t  t h e  lower p a r t  of t h e  ionosphere and produce aurorae.  Mid-lat i tude 

e- nq 

a w o r a e  a r e  d.iQW6 a t tended  by the  l6F-noise C83, 
in th; Aq-52 .c 5 8 O *  geomagnetic l a t i t u d e  range 

w e l l  with the  p o s i t i o n  of t h e  o u t e r  r a d i a t i o n  b e l t .  

and they l i n e  up 

C81, which agrees  

( s e e  ref. C24I I .  
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, From t he  viewpoint of t h e  above-developed theory t h e  f a c t  of  
t he  ex i s t ence  o f  mul t ip le  atmospheric echoes and of d i s c r e t e  types  of 
VLF-radiation is of i n t e r e s t  [l, 253. I n  c e r t a i n  cases ,  t h e  subse- 
quent echoes were s t r o n g e r  than the  ?receding  one^. The posEible ex- 

p l ana t ion  of t h i s  phenomena mag be t h e  f a c t  of  w h i s t l e r  and d i s c r e t e  

VLF-signd a u p l i f i c a t i o n  i n  the  o u t e r  r a d i a t i o n  bel t .  The f a c t  t h a t  

i n  w h i s t l e r  s p e c t r a  f recuencies  f r~ 3 + 4  kc/8 a r e  heard dur ing  lo* 
g e r  t i m e  s p e a b  i n  favor of this hypothes is  c257, a6 they  are near  fmax. 
W e  mul t ip le  echoes m u s t  be more f rnvuent ly  observed at t h e  l a t i t u d e  

corresponding t o  w h i s t l e r s  h i t t i n g  t h e  o u t e r  b e l t ' s  i n t e n s i t y  maxisnrl * *  
T h i s  l a t i t u d e  is u n i l a t e r a l l y  determined by the  p o s i t i o n  of  t h e  b e l t  

and t h e  p a t t e r n  of whis t le  propagation t r a j e c t o r y .  The s tudy  of  t he  
d i s t r i b u t i o n  of i n t e n s i t y  o f  mul t ip le  w h i s t l e r  echoes by l a t i t u d e  at 
a known s p a t i a l  pirs i t ion of the  o u t e r  r a d i a t i o n  b e l t  should al low 
t o  r e so lve  t h e  o l d  problem of t h e  shape of  t r a j e c t o r y  o f  w h i s t l e r  pro- 

pagation. 
I n  case o f  a r b i t r a r y  angle between k and H an a d d i t i o n a l  

damping occurs ,  which is l inked  with t h e  Cerenkov and brehmstrahlung 
absorption i n  t he  anomalous Doppler e f f e c t  r eg ion  ( t h e  tenns I and 

111 
with  t h e  i n c r e a s e  of OC for two rea6ons: because o f  the  decrease of 

I and of  inc rease  of I-1 and IO. As is shown by the  esyimates ,  

the in f luence  of t he  terms 1-1 and10 3ecause e s s e n t i a l  only  f o r  suf- 
f i c i e n t l y  g r e a t  e &60°. The w i p l i f i c a t i o n  f a c t o r  drops r a p i d l y  i n  
t h i s  reg ion  and the  m a x i m u m  emission frequency decreases  a lso .  

0 
i n  t h e  expression (12)  ). The ampl i f i ca t ion  f a c t o r  then decreases  

+1 

I f  the  mean k i n e t i c  energy of b e l t ' s  W p a r t i c l e s  is d i f f e r e n t  
from 10 kev, the abaiie-ttn2usted examination remains v a l i d  at  W < 30 
kev ( t h e  i n e q u a l i t y  (17)  is  s 'a t isf ied) .  In ca8e W > 30 kev, t h e  in- 
v e r s e  i n e r u a l i t y  (18)  is f u l f i l l e d  and the a q l i f i c a t i o n  f a c t o r  increa-  

ses with frequency decrease.  The r n a x i m h  value of  q -1 be in t h e  
W, >, Ff region. 

g a a l i t a t i v e l y  app l i cab le  i n  case of (18)  s i u l f i l l m e n t  too.  

Thus, t he  obtained conclusion f o r  t h e  maximum r a d i a t i o n  are 
1 .  



' The accumulation of experimental  f a c t s  about the o u t e r  radia- 
t i o n  b e l t  w i l l  a l l o w  the  conduct ing .a t  a l e t e r  d s t e  of more p r e c i s e  

q u a n t i t a t i v e  a n a l y s i s .  o f  VLF-radiation. The good knowledge of  t h i s  

r a d i a t i i n ' s  p e c u l i a r i t i e s  should allow t o  f o r e c a s t  t o  a c e r t a i n  e x t e n t  

t h e  s t a t e  of the  o u t e r  r a a i a t i o n  b e l t ,  

I n  conclusion,  t h e  author expresses  h i s  tfianlcs t o  B. N. Gersh- 
man f o r  h i s  i n t e r e s t  i n  t he  work and t h e  checking of t h e  manuscript. 
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